ABSTRAcT. Feral raccoons (Procyon lotor) have been increasing in number since 1979 and are currently subject to pest control in Hokkaido. One of the reasons for the increase in numbers is thought to be the high reproductive potential of raccoons, but little is known about their reproduction. The main aim of this study was to clarify seasonal changes in spermatogenesis and peripheral testosterone concentration of raccoons in Hokkaido. In the present study, external characteristics and histology of the testis and epididymis and the plasma testosterone concentration were investigated in 68 feral, male raccoons culled for pest control and once a month in one live, captive male. The feral males exhibited seasonal changes in spermatogenesis, showing active spermatogenesis in autumn, winter and spring (October−June) with noted spermatogenesis and inactive spermatogenesis in summer (July−September) with lower mean levels of spermatozoa in the cauda epididymis. Even in the inactive period, spermatozoa were observed in about half of the individuals (14/26); therefore, individuals producing spermatozoa existed every month throughout the year. Testosterone concentrations were significantly high in the winter mating season. In the captive male, the testosterone concentrations were low from June to August, and spermatozoa could not be observed from July to September. These results suggest that raccoons exhibit seasonality of reproduction, but the time and duration of spermatogenetic decline varies widely among individuals. This individual variation in the inactive period is a feature of male raccoon reproduction and is unique among seasonally breeding mammals.
The raccoon (Procyon lotor) is a mammal indigenous to North America. It has become feral in Japan as a result of escaping from captivity and unscrupulous releases since the first report of raccoon naturalization in 1962 in Inuyama, Aichi Prefecture [1] . In Hokkaido, the northernmost island of Japan, escapes and unscrupulous releases of pet raccoons have been reported since the 1970s, and feral raccoons have been increasing in number and spreading throughout Hokkaido [2, 9] . There may be some reasons for this increase, such as omnivorous behavior, adaption to cold weather, absence of predators and high reproductive potential [9] . Until now, pest control has been carried out under the Invasive Alien Species Act in response to agricultural and aquaculture damage, impact on biodiversity and the possibility of zoonotic infection. However, control has not been successful yet. Difficulty in controlling the population may be due to a lack of basic biological information about raccoons. In particular, to decrease the raccoon population size efficiently, it is necessary to understand the reproductive characteristics in the habitat [12] .
Female seasonal reproduction in Hokkaido has been studied [2] . Following mating from January to March and pregnancy for about 63 days, litters are born between March and May, as they are in North America [10, 20, 21] . However, late-born pups have been reported in Hokkaido [2] . In North America, it has been reported that some females that failed to get pregnant or lost their pups can reproduce again after April, although they basically reproduce once a year during the mating season [3, 4, 20, 21] . Although this flexibility in female raccoon reproduction has been reported, male reproductive characteristics are not well known. In many seasonally breeding mammals, males exhibit a seasonal cycle in reproduction, with spermatogenesis and testicular steroidogenesis limited to a specific period of the year [23] . For example, raccoon dogs [18] and brown bears [22] can produce mature spermatozoa around the mating season; however, testicular function significantly declines during other periods, and spermatozoa cannot be observed in the nonbreeding season. The reduction in testicular function in the nonbreeding season can prevent energy loss because producing spermatozoa in the absence of rutting females in the nonbreeding season has little meaning. Raccoons are also seasonally breeding mammals, so it could be thought that male testicular function declines during the nonbreeding period. However, the existence of seasonally late-born pups suggests that some males can produce spermatozoa after the mating season. Moreover, the conclusions concerning whether or not male raccoons have seasonal testicular changes have varied among studies [11, 20, 21] . In North America, differing rates of spermatozoa presence in summer, the nonbreeding season, have been reported, which suggests that male raccoons may have different breeding cycles according to habitat area or surrounding environment. However, few details are known in Hokkaido raccoons.
The aim of this study was to clarify reproductive characteristics of male raccoons in Hokkaido by examining the seasonal changes in spermatogenesis and peripheral testosterone concentration in both feral and captive raccoons.
MATERIALS AND METHODS

Animals:
We collected carcasses of feral male raccoons that were euthanized for pest control in west-central Hokkaido from May 2008 to April 2010 (Fig. 1) . In total, 68 male raccoons over 3 years old were employed for this study (Table 1) . Raccoon carcasses were weighed and measured, blood was obtained by puncturing the heart and the testes and lower jaw were removed. Blood was placed in a 5 ml tube and spun at 1,050 g for 10 min. The plasma was removed and stored at −30°C until assay. The left testes were weighed and measured and immediately fixed for about half a day in Bouin's solution for histological observation. After the lower jaws were boiled, the lower canine teeth were removed for age determination.
We also used a 5-year-old, captive raccoon kept at Asahiyama Zoological Park and Wildlife conservation center, Asahikawa, Hokkaido (Fig. 1) . We collected samples once a month from December 2008 to March 2010 under anesthesia achieved with the following injectable anesthetics given intramuscularly: 0.3 mg/kg midazolam (Dormicum, Astellas, Tokyo, Japan), 80 µg/kg medetomidine Hcl (Domitor, Nippon Zenyaku Kogyo co., Ltd., Fukushima, Japan) and 3.0 mg/kg ketamine Hcl (Ketalar, Daiichi Sankyo co., Ltd., Tokyo, Japan). At the time of collection, the raccoon was weighed, 10 ml of blood was collected from the jugular vein and testes were biopsied for samples of approximately 4 mm 3 . Biopsies were alternated between the left and right testes each month, which means each testis was sampled bimonthly. Blood and testicular samples were treated in the same way as in the feral raccoons. All samplings were performed with methods approved by the Animal care and Use committee of Hokkaido University.
Age determination: We categorized feral raccoons into juveniles (0 year old), yearlings (1 year old) and adults (over 2 years old) by examining their body size, tooth eruption and root foramina closure of the canine teeth [5, 19] . Within the adult group, age was determined by the number of cementum annuli of the canines [5, 6] . In this study, adults over 3 years old, which we considered to be sexually mature [14] , were used in following procedure.
Histology: Testicular tissues were dehydrated in an ethanol series, embedded in paraffin wax, sectioned at a thickness of 4 µm and stained with hematoxylin-eosin. Four fields were chosen from the entire testis under microscope using low (×100) and high (×400) magnification, and from each, ten seminiferous tubules were chosen randomly. The mean diameter of the seminiferous tubules was measured by micrometer and image analysis software (ImageJ, W.S. Rasband, U.S. National Institutes of Health, Bethesda, MD, U.S.A.).
Evaluation of spermatogenesis: Spermatogenesis was evaluated as the mean value of each seminiferous tubule chosen, as described above, according to a score based on the most advanced spermatogenetic cells present [11] : Score 1, spermatogonia; Score 2, no cells further than primary spermatocytes; Score 3, some cells further than secondary spermatocytes; Score 4, round spermatids; and Score 5, elongated spermatids and/or spermatozoa.
In feral raccoons, the presence level of spermatozoa in the cauda epididymis was evaluated. It was calculated using image analysis software (ImageJ), from the mean value of ten ducts of the cauda epididymis chosen randomly under low (×100) magnification with a microscope. The criteria were as follows: Level 0, no spermatozoa; Level 1, spermatozoa observed in less than 10% of the duct lumen; Level 2, spermatozoa observed in 10-50% of the duct lumen; and Level 3, spermatozoa observed in more than 50% of the duct lumen. 6.5 ± 0.2 6.9 ± 0.3 6.5 ± 0.3 6.8 ± 0.3 7.0 ± 0.4 6.2 ± 0.4 8.5 ± 0.6 10.7 10.0 -7.0 6.5 ± 0.6
Enzyme immunoassay: Each month, up to 5 raccoon samples were chosen randomly. Plasma testosterone concentrations were measured by testosterone assay (enzyme immunoassay) [8] . Testosterone-3-cMO-HRP (FKA101, cosmo Bio, Tokyo, Japan) was diluted 600,000-fold with assay buffer. Standard testosterone (cayman, Ann Arbor, MI, U.S.A.) was diluted in the assay buffer. Anti-testosterone serum (first antibody, FKA102-E, Cosmo Bio) was diluted 1,200,000-fold with assay buffer. Anti-rabbit γ-globulin serum (Seikagaku co., Tokyo, Japan) was used as the secondary antibody. The minimum detectable level of testosterone was 4.9 pg/well, and the intra-and interassay coefficients of variation were 10.5 and 15.7%, respectively.
Statistical analysis: Because the number of feral raccoon samples from November to February was small, the data were compared among the four seasons as follows: spring (April-June), summer (July-September), autumn (October-December) and winter (January-March). In the feral raccoons, testicular weight, seminiferous tubule diameter, spermatogenetic score, presence level of spermatozoa in the cauda epididymis and plasma testosterone concentration were analyzed using a one-way ANOVA and Scheffe's F test for pairwise comparison. All values are presented as the mean ± SEM and were calculated using Microsoft Excel 2003 for Windows.
Because the data under captivity were obtained from one individual continuously, statistical analysis was not performed.
RESULTS
Feral raccoons:
In the 68 adult raccoons over 3 years old, the monthly body weights increased from September (6.2 ± 0.4 kg) to November (10.7 kg), decreased gradually from December (10.0 kg) to the following March (6.5 ± 0.6 kg) and did not change remarkably from March to September (Table 1) . As for spermatogenetic evaluation, testicular weights, seminiferous tubule diameters, spermatogenetic scores and presence levels of spermatozoa in the cauda epididymis changed among the seasons (Fig. 2) . Testicular weight exhibited a maximum of 11.3 ± 0.4 g, in winter, and decreased to a minimum of 7.3 ± 0.4 g, in summer ( Fig.  2A) . Seminiferous tubule diameter increased beginning in summer, with a minimum diameter of 196.9 ± 4.5 µm, and exhibited a maximum diameter of 225.6 ± 7.2 µm in autumn (Fig. 2B) . Spermatogenetic score also increased beginning in summer, with a minimum score of 3.6 ± 0.2, and exhibited a maximum score of 4.8 ± 0.04 in winter (Fig.  2c) . Presence level of spermatozoa in the cauda epididymis also increased beginning in summer, with a minimum level of 0.6 ± 0.2, and exhibited a maximum level of 2.8 ± 0.03 in winter (Fig. 2D) . The testicular weight, spermatogenetic score and presence level of spermatozoa values in summer were significantly lower than in the other seasons (P<0.01 or 0.05). The seminiferous tubule diameter in summer was significantly lower than in autumn (P<0.01). In summer, from July to September, the mean values of presence level of spermatozoa in the cauda epididymis were remarkably low, although individual values varied widely, and some individuals showed a high value even during this period. Among the total of 26 individuals in summer, 12 individuals had no sperm (value 0), while 14 individuals had sperm (value>0) (Fig. 3) . The mean plasma testosterone concentration was low from spring to autumn and was significantly higher in winter (P<0.01), with the highest concentration (2.69 ± 1.01 ng/ml) found in winter and the lowest concentration (0.15 ± 0.02 ng/ml) found in summer (Fig. 4) .
Captive raccoon: The results for seminiferous tubule diameter, spermatogenetic score, and plasma testosterone (Fig. 5A) . The monthly spermatogenetic score remained relatively high from November to May, with a maximum score of 4.9, in February, and a minimum score of 2.7, in August (Fig. 5B) . Spermatozoa could not be observed in seminiferous tubules from July to September. The monthly plasma testosterone concentration remained low from June to August, with a minimum concentration of 0.47 ng/ml, in July, and varied erratically from September, reaching a maximum of 19.50 ng/ml, in April (Fig. 5c ).
DIScUSSION
In this study, testicular weight, seminiferous tubule diameter, spermatogenetic score and presence level of spermatozoa in the cauda epididymis were used as indicators of seasonal morphological and physiological changes in the male gonad, in accordance with reports in other species [7, 13, 18, 23] . These values changed seasonally and were significantly higher around the winter mating season and lower in summer. Whether or not male raccoons have seasonal testicular changes has been controversial in the U.S. In Michigan, Stuewer [21] concluded that males were capable of breeding at all times of the year because the testis size did not change remarkably throughout the year. In Illinois, on the other hand, Sanderson et al. [20] observed that a majority of the adult males did not have sperm in the epididymides during summer. In Alabama, male raccoons seemed to show a definite seasonal cycle in testis size [10] . Therefore, there may be regional differences in seasonal changes of male reproduction. In Japan, one study on male raccoon reproduction was reported by Kaneko et al. [11] , who evaluated seminiferous tubule diameter, spermatogenetic score and serum testosterone concentration from June to October in Hokkaido. They concluded that spermatogenesis did not become less active in summer (July to September) as compared with spring (June) and autumn (October). There were no remarkable differences among seasons in their study; however, differences among seasons were observed in our study. This difference might be because they had only a limited number of samples during a limited period from June to October. In our study, we examined the remainder of the year, including the mating season from January to March. In the present study, the highest values for testicular weight, spermatogenetic score and presence level of spermatozoa in the cauda epididymis were seen during the winter mating season. On the other hand, the peak of seminiferous tubule diameter was in autumn. This difference may be due to individual variability given the remarkably high value in two individuals in autumn (261.6 and 250.0 µm). Spermatogenetic activity generally declined in summer, but there was great variation in the degree of spermatogenetic decline among individuals (Fig. 4) . As a result, individuals with spermatozoa were observed in every month throughout the year. In many seasonal breeding mammals, spermatogenesis declines largely in the nonbreeding season [18, 22, 23] . Also, in many domestic animals, high temperatures in summer reduce semen quality [25] . In these animals, after spermatogenesis declines, some spermatozoa can be observed remaining in the cauda epididymis for some time. In this study, however, almost all individuals presenting with spermatozoa during summer exhibited higher values (>4) in spermatogenetic score, suggesting active production of spermatozoa. Therefore, it can be inferred that some individuals produce spermatozoa even in summer. Furthermore, the captive male raccoon maintained active spermatogenesis and produced spermatozoa from October to June, while spermatozoa were not observed for the three months from July to September. These results suggest that the time and duration of aspermatogenesis varied among individuals. Therefore, raccoons producing spermatozoa can be observed in a group or local population throughout the year. In the U.S., the seasonal decline in testicular activity differs by region [10, 20, 21] . Although the region of the U.S. from which the raccoons in Hokkaido originate has not been clarified, the variation in duration of aspermatogenesis in the present study might indicate that raccoons were imported from multiple regions of the U.S. From a study examining the epididymis in 28 captive males held in outdoor cages throughout the year, Sanderson et al. [20] reported that individual males have periods averaging 3-4 months when they are incapable of breeding, but in a large group of raccoons, sperm production could be found in some animals at any given time. Their report supports our finding on the flexibility of reproductive decline in feral male raccoons.
In North America, the raccoon mating season is generally from January to March. However, a second estrus after mating season or late litters have been reported [3, 4, 10, 20, 21] . The physiological details of the second estrus in female raccoons are not known, but Gehrt and Fritzell [4] reported that females were consorting with males an average of 9 days (n=6, range=6-14days) after the loss of their first litters. In Hokkaido, although mating peaks in February and litters are born between March and May as in North America, two females captured in July were reported as pregnant, which indicates that mating later in the season can occur [2] . In our study, it was revealed that male raccoons have indefinite seasonal reproductive changes, and individuals producing spermatozoa can be observed throughout the year. This means that some male raccoons have spermatozoa after the mating season and may mate with females in their second estrus.
Testicular function is affected by androgen, the dominant steroid hormones in males. In many male mammals, androgen produced from Leydig cells stimulates spermatogenesis, especially during and after meiosis, maturation of spermatozoa and to elongate spermatozoa existing period in cauda epididymis [24] . In many seasonal breeders, such as raccoon dogs [26] , black bears [23] , brown bears [22] and martens [13] , seasonal changes can be observed in spermatogenesis, morphology of the testis and peripheral androgen concentration. Our results showed that the plasma testosterone concentration increased from the premating season and declined at the end of the mating season, similar to reports in other species. In our study, spermatogenesis was active, as during the mating season, after April when the testosterone concentration had declined. Spermatogenesis after testosterone concentration decline has also been reported in other mammals [15, 22] , which suggests that a high peripheral testosterone concentration is not necessary for maintaining spermatogenesis. It is thought that high peripheral testosterone levels affect aggressiveness and sexual behavior in male mammals [16, 17] . Therefore, a relatively high testosterone concentration in winter may drive male raccoons to sexual behavior such as defending territories, searching for females and competing with other males. compared with feral males, the concentration in the captive male remained generally higher and for a longer duration. These differences may be due to good nutritional condition and the presence of a mature female raccoon in the next cage.
In summary, in feral male raccoons in Hokkaido, spermatogenesis was found to be significantly less active in summer and more active in winter with a high peripheral testosterone concentration. However, even in summer, the aspermatogenetic duration varied among individuals. Therefore, some raccoons producing spermatozoa exist throughout the year. This great variation in seasonal reproductive physiology is unique among seasonal breeding mammals. This suggests that raccoons, as a group or local population, might be able to reproduce throughout the year. Most animals have difficulty surviving and spread out of their original range; however, this perennial reproductive potential may explain why raccoons have been increasing in number rapidly in Hokkaido since their introduction.
